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Apoptosis is a major part of the normal development of many organ systems and tissues. The zebrafish (Danio rerio) has
become a useful model for studying early development, and recent advances in techniques used to label apoptotic cells have
made it possible to visualize apoptotic cells in this model system. We have used the in situ terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) to describe the temporal and spatial distribution of apoptotic
cells during normal development of the zebrafish embryo from 12 to 96 h postfertilization. By counting labeled apoptotic
cells, we have demonstrated transient high rates of cell death in various structures during development, and we have
correlated these peaks with previously described developmental changes in these structures. Our analysis has focused on the
nervous system and associated sensory organs including the olfactory organ, retina, lens, cornea, otic vesicle, lateral line
organs, and Rohon–Beard neurons. Apoptosis is also described in other non-neural structures such as the notochord,
somites, muscle, tailbud, and fins. © 2001 Academic Press
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(INTRODUCTION
Cell death is a driving force in the morphogenesis of
developing tissues as well as a major factor in homeostasis
of adult organs and tissues. Developing organisms com-
monly produce excess cells that are subsequently removed
by cell death as a step in normal development (for review,
see Sanders and Wride, 1995; Jacobson et al., 1997; Vaux
nd Korsmeyer, 1999). The process of cell death during
evelopment is highly conserved and follows a morphologi-
ally distinctive pattern called apoptosis. The term apopto-
is was first used by Kerr and colleagues (1972) to describe
he cellular shrinkage, membrane blebbing, nuclear con-
ensation, and nuclear fragmentation that are now com-
only recognized as the hallmarks of apoptotic cell death.
hese highly stereotyped morphological changes led early
nvestigators to conclude that apoptosis was under the
ontrol of a strictly regulated cellular program.
Genetic and biochemical studies have disclosed much of
he cellular programs controlling apoptosis, but the signal-
ng pathways triggering apoptosis are not so clear. The
lassic genetic studies of Caenorhabditis elegans demon-
strated that 131 identified somatic cells are genetically
1 To whom correspondence should be addressed. Fax: (740) 597-
2778. E-mail: ross@ohiou.edu.
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Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.rogrammed to die at specific times during development
Ellis and Horvitz, 1986). This programmed cell death in the
ematode is under the control of 15 genes, and several of
hese genes are conserved across a wide range of species
reviewed in Liu and Hengartner, 1999). The genes in this
ell death pathway encode three classes of proteins acting
s regulators, adapters, and effectors to either suppress or
romote apoptosis (Vaux and Korsmeyer, 1999).
Cell interactions and environmental influences also can
romote apoptosis, with mechanisms including excitotox-
city (Choi, 1992), intracellular ion deregulation (Trump
nd Berezesky, 1995), loss of cell cycle control (Herrup and
usser, 1995), secretion of cytotoxic proteins by the cell or
ts neighbors (Williams and Smith, 1993; Wood and Youle,
995), exposure to environmental pathogens or toxins
Vaux et al., 1994), changes in hormone levels (Truman and
Schwartz, 1984), and inadequate amounts or elimination of
a trophic factor (Oppenheim and Nunez, 1982; Lowrie and
Vrbova, 1992). Furthermore, any of these proposed factors
may interact to induce apoptosis, and each factor may
influence different cell types in different ways.
In the developing vertebrate, genetic factors must operate
in the context of multiple cell interactions and environ-
mental influences. It is difficult to understand the interplay
between these intrinsic and extrinsic factors controlling
apoptosis during development, largely due to the fact that
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124 Cole and Rossapoptosis occurs rather rapidly, and most vertebrates de-
velop over an extended period of time. The zebrafish em-
bryo is an exceptional model for studying the interplay
between genetic and environmental influences on apopto-
sis. Development is rapid, and embryos remain transparent
throughout most of embryogenesis, simplifying the staging
and analysis of whole mounts. The role of environmental
influences can be easily tested by manipulating the em-
bryo’s incubation media or by performing surgical manipu-
lations. Most importantly, the abundance of mutant ze-
brafish lines demonstrating abnormal apoptosis will
facilitate the determination of the cellular and genetic
mechanisms of apoptosis (Nusslein-Volhard, 1994; Driever
et al., 1994; Haffter et al., 1996; Furutani-Seiki et al., 1996).
However, in order to identify and describe mutants of the
processes controlling apoptosis, we must first understand
the normal pattern of apoptosis. A description of normal
patterns of apoptosis will provide a basis of comparison for
both experimental manipulations and studies of the apopto-
tic mutants. This study describes the general spatial and
temporal patterns of apoptosis and considers the signifi-
cance of apoptosis in the normal development of the ze-
brafish embryo.
To consider the significance of apoptosis patterns in the
zebrafish, we have used the classification scheme originally
described by Ernst (ref. in Glucksmann, 1951) and later
named by Glucksmann (1951). Phylogenetic apoptosis is
the elimination of embryonic cells or structures character-
istic of an evolutionary ancestor that are no longer needed
in the adult, such as the loss of the pronephros and
mesonephros in higher vertebrates. Additionally, transient
larval structures such as a tadpole’s tail undergo phyloge-
netic apoptosis. Morphogenetic apoptosis acts as a type of
sculpting and occurs in areas of folding, bending, separa-
tion, fusion, or cavitation, such as the formation of digits by
the progressive elimination of interdigital cells. Histoge-
netic apoptosis is the removal of cells following tissue
maturation or remodeling such as the loss of neurons failing
to make appropriate synaptic connections with their tar-
gets. All three types of apoptosis have been described in the
normal development of vertebrates, including frog (Lambor-
ghini, 1987), chick (Garcia-Porrero et al., 1979; Ilschner and
Waring, 1992), mouse (Young, 1984), and rat (Silver and
Hughes, 1973; Pellier and Astic, 1994). We refer to these
three types of apoptosis below as we describe apoptotic
patterns in the embryonic zebrafish.
MATERIALS AND METHODS
Zebrafish embryos (Danio rerio) were collected from the labora-
tory colony within 30 min of fertilization. To obtain embryos of a
uniform age, embryos at the four- or eight-cell stage were grouped
into separate Petri dishes and placed in an incubator at 28.5°C. At
this temperature, fertilized zebrafish eggs reach four- and eight-cell
stages at approximately 60 and 75 min postfertilization, respec-
tively (Kimmel and Law, 1985). Prior to preparation, additional
morphological criteria, as described by Kimmel et al. (1995), were P
Copyright © 2001 by Academic Press. All rightsed to more precisely stage older embryos. Times of development
re expressed as hours postfertilization (hpf). Embryos were exam-
ned at 12, 18, 22, 24, 30, 36, 48, 60, 72, and 96 hpf (n 5 17, 5, 9, 18,
0, 20, 24, 20, 15, and 17, respectively). Procedures were approved
y the Institutional Animal Care and Use Committee at Ohio
niversity and conformed to NIH guidelines.
Tissue Preparation
Upon reaching the desired age, dechorionated embryos were
anesthetized in a 0.03% aqueous solution of 3-aminobenzoic acid
ethyl ester (Sigma) and immersed in cold 4% paraformaldehyde in
0.1 M phosphate buffer (PB) for 2 h. Following fixation, embryos 24
hpf and older were dissected by pinning them in a Sylgard dish and
removing the eyes, yolk sac, and skin overlying the brain. These
dissected embryos were then postfixed by immersion in 4% para-
formaldehyde for 20 min at room temperature (RT) and then rinsed
and stored in phosphate-buffered saline (PBS). Embryos younger
than 24 hpf were left undissected, except for the removal of the
yolk sac. Additionally, selected embryos of each age were left
undissected for analysis of apoptosis in superficial external features
such as the eyes, olfactory placode, and lateral line organs. Endog-
enous peroxidase activity was quenched by incubating the embryos
in 50% EtOH for 20 min at RT. To facilitate reagent penetration in
undissected embryos, the tissue was permeabilized by dehydration
in a graded ethanol series (50, 70, 95, 100%), followed by 10 min in
acetone at 220oC and a rinse in PBS.
Detection of Apoptotic Cells in Whole Mounts
The fragmented DNA of apoptotic cells was identified by the
TUNEL method (terminal deoxynucleotide transferase-mediated
dUTP nick-end labeling), using the POD (peroxidase) In Situ Cell
Death Detection Kit (Roche). Tissue was further permeabilized by
incubation in a solution of 0.1% Triton X-100 and 0.1% sodium
citrate in PBS for 15 min, followed by two rinses in PBS. Embryos
were then incubated for 1 h at 37°C in labeling solution, which
consists of TdT and fluorescein-conjugated deoxynucleotides in
buffer. After three rinses in PBS to remove excess TdT and
deoxynucleotides, nonspecific immunoreactivity in the tissue was
blocked by incubating the embryos in 2% BSA and 1% DMSO in
PBS for 1 h at 4°C. Embryos were then incubated for 30 min in
converter-POD (anti-fluorescein peroxidase) at 37°C in a humidi-
fied chamber. Finally, excess converter-POD was removed by three
rinses (5 min each) in PBS, and apoptotic cells were visualized by
incubation in metal-enhanced DAB (Pierce).
Histological Processing and Image Collection
Whole mounts were mounted in 90% glycerol-PBS for micros-
copy and photography. Selected specimens were embedded in JB-4
methacrylate (Polysciences) and sectioned in the sagittal or trans-
verse planes at 5 mm to precisely localize sites of apoptosis and to
onfirm reagent penetration. Sections were lightly counterstained
ith cresyl violet and coverslipped with DePeX mounting medium
BDH Laboratory Supplies). All specimens were examined under a
ikon Microphot-IISA microscope with differential interference
ontrast (DIC) microscopy. Images were collected by both standard
hotomicroscopy and by digital photomicroscopy using a Spot-RT
amera. Images were later compiled and labeled using Adobe
hotoshop.
s of reproduction in any form reserved.
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125Apoptosis in the Developing ZebrafishData Analysis
The number of TUNEL-positive cells were counted in transverse
5-mm sections of three embryos of each age group. Data are
presented as mean profile counts, 1/2 1 standard deviation.
Controls
Two control groups were processed to exclude the possibility of
nonspecific labeling. In the negative control group, embryos were
treated as described above except for the omission of the TdT
enzyme from the labeling incubation step. This negative control
procedure consistently eliminated staining (not shown). The posi-
tive control group was treated with the enzyme DNAse (1 mg/ml in
PBS; incubated 10 min at RT) to fragment the DNA of all exposed
cells. These positive control embryos were then fixed and pro-
cessed as described above to label nuclei containing fragmented
DNA. The nucleus of every exposed cell was darkly labeled in this
positive control procedure (data not shown).
RESULTS AND DISCUSSION
General Appearance and Dynamics of Apoptosis
We observed a close correspondence between the mor-
phology of TUNEL-positive cells in this study and pyknotic
cells in standard histological sections (Kerr et al., 1972). As
shown in Fig. 1C, the nuclei of TUNEL-positive cells were
brown–black masses and were either rounded or shrunken
(pyknotic). All embryonic tissues described in this study
contained apoptotic cells with both rounded and shrunken
morphologies.
The dynamics of apoptosis in the zebrafish embryo gen-
erally followed the time course described in other organ-
isms (Jacobson et al., 1997; Hensey and Guatier, 1999;
ellerino et al., 2000). Previous studies have described a
apid rate of dead cell clearance, with cells being removed in
h or less. In the present study, comparisons of the tail bud
n embryos at 2-h intervals suggested that apoptotic cells in
his region were completely eliminated within 2 h (Fig. 1).
s shown in Fig. 1, the large numbers of apoptotic cells
bserved in 20-hpf embryos (Fig. 1A) were absent in 22-hpf
mbryos (Fig. 1B). We have not documented the clearance
ate for other regions of the embryo. This rapid apoptotic
learance in the zebrafish tail bud identifies a limitation of
he present study. Given the speed and continuous nature
f apoptosis, this initial sampling of developmental stages
an give a sense of the general patterns of developmental
poptosis and does not intend to document all apoptotic
vents throughout development.
Sensory Organs
Table 1 summarizes counts of apoptotic cells in various
sensory structures at different ages, expressed as mean
profile counts 1/2 1 standard deviation (n 5 3). Overall,
apoptotic cells were sparsely distributed throughout the
developing sensory organs. Most sensory tissues, however,
showed one or more periods of concentrated or localized
Copyright © 2001 by Academic Press. All rightpoptosis during limited time frames. Additionally, the
eaks of cell death in peripheral sense organs generally
receded or coincided with peaks of cell death in each
orresponding central target structure (see Brain Regions).
lthough these localized apoptotic concentrations varied in
ize among individuals of the same age, the location,
attern, and timing of apoptotic cells were strikingly con-
istent. Below, we describe the pertinent details of sense
rgan apoptosis.
Olfactory Placode/Organs
The olfactory placodes showed one of the highest rates of
apoptosis of any area observed, beginning at 22 hpf and
extending through all later stages examined (Table 1, Fig. 2).
Rostral sections through the placode contained more apo-
ptotic cells than caudal sections. The basal layer of the
olfactory placode contained mitotic cells at all ages; these
mitotic cells were never labeled.
During the extended period of nonlocalized placodal cell
death (22–72 hpf), the majority of apoptotic cells labeled
appeared to be immature sensory neurons or pioneer neu-
rons, based on location and nuclear morphology (Farbman,
1992; Hansen and Zeiske, 1993; Whitlock and Westerfield,
1998) (Figs. 3A and 3B). The majority of apoptotic olfactory
organ cells resided in the intermediate level of the organ
(Fig. 3B) and showed nuclear morphologies typical of imma-
ture sensory neurons (Hansen and Zeiske, 1993), and con-
sistent with previous observations (Whitlock and Wester-
field, 1998). Some of the dying cells observed in the present
study may also represent the dying pioneer neurons de-
scribed by Whitlock and Westerfield (1998). These pioneer
neurons form an early scaffold to direct the olfactory
sensory axons into the forebrain and are eliminated via a
wave of apoptosis peaking at approximately 48 h, consistent
with the high rate of cell death observed in the present
study between 30 and 48 hpf (see Table 1; Fig. 2).
We also observed varying focal concentrations of apopto-
tic cells in the peripheral, rostralmost layers of the placode.
This concentration began at 30 hpf (Figs. 3A and 3C),
immediately prior to the formation of the olfactory pit
(Hansen and Zeiske, 1993), when apoptotic cells appeared
to be both sensory neurons and skin ectoderm. By 36 hpf,
most of the apoptotic cells appear to be skin ectoderm,
based on their large nuclear size and superficial location
(Figs. 3A and 3C). Concentrated apoptosis peaked at 36 hpf
and tapered off through 48 hpf. Embryos older than 48 hpf
had fewer, widely dispersed labeled cells in the olfactory
organ.
The early onset and persistence of scattered apoptosis
within the zebrafish olfactory organ may represent both
morphogenetic and histogenetic apoptosis (Glu¨cksmann,
1951). Several causes are possible, including gradual mor-
phogenesis of the placode, and/or elimination of olfactory
cells damaged by environmental toxins. For example, at 30
hpf, the dramatic concentration of apoptosis superficially at
the rostral surface of the olfactory placode coincides with
s of reproduction in any form reserved.
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126 Cole and Rossthe opening of the olfactory pit (Hansen and Zeiske, 1993).
Based on cell position and timing, we believe this concen-
trated burst of epithelial apoptosis between 30 and 48 hpf in
the zebrafish olfactory organ is a morphogenetic apoptotic
process (Glu¨cksmann, 1951), involved in formation of the
olfactory pit. Histogenetic apoptosis (Glu¨cksmann, 1951) is
more likely to be involved in the ongoing death of sensory
neurons, reflecting the elimination of the pioneer neurons,
the death of neurons failing to form appropriate synapses
with the telenchephalon, or the elimination of neurons
damaged by environmental exposure.
Eyes
Retina. Two distinct patterns of apoptosis occurred in
the developing eye, one in the retina and one in the lens.
First, in the retina, nonlocalized apoptosis was consistently
observed at all ages examined, peaking at 36 hpf (See Table
1; Fig. 2). For example, at 12 hpf, one to five scattered
apoptotic cells were observed primarily in the lateral mar-
gins of the optic primordium. As distinct layers became
identifiable, scattered apoptotic cells were observed within
the sensory retinas (Figs. 3D–3F) with no clear concentra-
tion or pattern. The peak of apoptosis in the retina at 36 hpf
(Table 1; Figs. 2 and 3F) was followed by a considerable
decline by 48 hpf. We did not count apoptotic cells in eyes
of embryos after 48 hpf, as the continued growth of the eye
presented difficulties with reagent penetration in whole-
mount embryos. Mitotic cells were numerous in the retina
at all ages (as seen in Figs. 3E and 3F), but these mitotic
retinal cells were never TUNEL-labeled.
In the present study, we observed a peak of retinal cell
death at 36 hpf. This transient period of increased cell death
coincides with a major developmental event: the timing of
the initial outgrowth of retinal ganglion cell axons (Stuer-
mer, 1988; Burrill and Easter, 1994, 1995; Schmitt and
Dowling, 1994). The coincidental timing of these phenom-
enon suggest that cell death may play a morphogenetic role
in this outgrowth by creating space for axonal growth and
navigation as axons exit the retina. We also observed lower
rates of retinal cell death during times preceding and
following this peak of cell death at 36 hpf; these rates
correspond well with previous descriptions of retinal cell
death in these periods (Daly and Sandell, 2000; Li et al.,
000a). Even though the rate of cell death is relatively low
n the retina at some ages, cell death may still serve an
mportant role in morphogenesis. The early onset and
ersistence of retina/optic vesicle apoptosis between 12 and
0 hpf coincides with the period of evagination from the
iencephalon (Schmitt and Dowling, 1994, 1996; Li et al.,
000b). The zebrafish optic vesicle evaginates from the
iencephalon as a solid cell mass, with less space available
or the cellular rearrangements described by Li et al.
2000b). Early apoptotic events in the developing optic
esicle/retina may provide space for morphogenetic rear-
angements between the tightly packed cells.Our observation that early retinal cell death is scattered
Copyright © 2001 by Academic Press. All rightnd nonlocalized suggests that cell death does not reflect
stablished and coordinated patterns of differentiation (Ray-
ond et al., 1995; Schmitt and Dowling, 1996, 1999; Hu
nd Easter, 1999), and that cell death is not restricted to
istinct populations of retinal cells. The peak of retinal
poptosis observed at 36 hpf in the present study may
oordinate in a more general level with the pattern of
eleost retinal development. In Haplochromis burtoni,
oke and Fernald (1998) described apoptosis peaking just
rior to rod photoreceptor neurogenesis. Our results suggest
hat the timing of cell death in the zebrafish retina re-
embles this general temporal pattern, with retinal apopto-
is peaking prior to the time at which the first photorecep-
ors are reported to differentiate in zebrafish around 50 hpf
Kljavin, 1987; Raymond et al., 1995; Schmitt and Dowling,
996). This temporal correspondence suggests a common
attern for teleost retinal development.
Lens. The second distinct temporal pattern observed in
he eye was a high rate of apoptosis in the lens during a
iscrete period. TUNEL-labeled cells in the lens and in the
verlying epithelium (the future cornea) were found only
etween 20 and 48 hpf of development (Table 1; Figs. 2 and
D–3F). The number of apoptotic cells in the lens and its
verlying future cornea peaked at 24 hpf, and disappeared
ntirely by 60 hpf, when the lens has become anucleate. No
ens or corneal apoptosis occurred at 60 or 72 hpf.
Morphogenetic apoptosis (Glu¨cksmann, 1951) may guide
wo aspects of of lens formation: separation of the lens from
kin ectoderm and elimination of lens cell nuclei. In the
ebrafish, apoptosis is implicated in lens separation by both
he fact that lens cell death occurs quickly after lens vesicle
eneration and the fact that cell death is localized to the
egion contacting the overlying ectoderm. In rats and
hicks, there is general agreement that apoptosis is the
echanism underlying lens/ectoderm separation (reviewed
n Glu¨cksmann, 1951; Silver and Hughes, 1973; Garcia-
orrero et al., 1979; Ishizaki et al., 1993). After separation,
ens cells may eliminate their nuclei by apoptosis as well
reviewed by Dahm, 1999 and Wride, 2000); over a limited
ime frame, differentiating lens cells become anucleate and
top producing protein. This anucleation period closely
ollows the discrete period of apoptosis within the zebrafish
ens vesicle (Table 1; Fig. 2), suggesting a potential role for
poptosis in the elimination of lens nuclei in the zebrafish.
Lateral Line Organs
The zebrafish lateral line sensory system consists of two
ganglia, the anterior and posterior lateral line ganglia, and
their associated neuromasts. These ganglia contain cell
bodies of mechanoreceptive bipolar sensory neurons whose
dendrites synapse upon sensory hair cells located within
the neuromasts (Metcalfe et al., 1985; Raible and Kruse,
2000).
In the present study, apoptotic cells were counted only in
the trunk neuromasts and the anterior lateral line ganglia.
Apoptotic cells were observed at low rates within the
s of reproduction in any form reserved.
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(Fig. 4D, Table 1). In the neuromasts, apoptotic cells were
FIG. 1. General appearance and dynamics of apoptosis in whole-m
(A), the tailbud (region between arrows) demonstrates high levels o
(C) Regions undergoing apoptosis typically contained both rounded
demonstrates the region illustrated at higher power in (C). Rostral
ar in (C), 5 mm.first observed between 24 and 30 hpf (Table 1), and present m
structure was not yet developed or could not be clearly identified.
Copyright © 2001 by Academic Press. All rightn all four existing rostral trunk neuromasts by 36 hpf (Figs.
G and 3H). By 48 hpf, approximately half of the neuro-
t embryos. (A, B) Apoptotic cells are rapidly eliminated. At 20 hpf
ptosis. By 22 hpf (B), the tail region demonstrates little apoptosis.
arrow) and shrunken, or pyknotic cells (C, arrowheads). Box in (A)
ft and dorsal is up. Scale bar in (A), 50 mm, applies to (A, B). Scaleoun
f apo
(C,
is leasts contained labeled apoptotic cells, with more in theABLE 1
poptosis in Sensory Organs
hpf
Olfactory
organ
Optic vesicle/
retina Lens
Corneal
epithelium
Otic vesicle/
ear
Statoacoustic
ganglion
Rohon–Beard
neurons
Trigeminal
ganglion
Anterior
lateral line
ganglion
Trunk
neuromasts
of lateral line
12 — 6.00 6 1.00 0 — — — — — —
14 — 13.50 6 3.54 — 7.50 6 3.54 — — — — — —
16 — 20.00 6 7.00 — 11.67 6 5.69 — — 0 — — —
18 0 6.67 6 2.08 0 5.33 6 3.21 — — 0 — — —
20 1.67 6 2.08 14.67 6 10.69 1.00 6 1.73 0.50 6 0.71 8.33 6 3.51 — 0 0 — —
22 9.67 6 8.01 10.50 6 9.19 7.67 6 4.04 3.00 6 1.00 16.33 6 6.03 0 0 0 0 —
24 9.50 6 2.12 11.00 6 5.66 44.00 6 15.10 5.33 6 3.21 36.50 6 0.71 0 14.00 6 9.90 0 0 —
30 43.67 6 3.79 13.67 6 6.66 35.33 6 14.57 0.00 6 0.00 5.67 6 5.69 3.00 6 3.00 12.67 6 2.52 8.00 6 1.41 7.33 6 2.08 14.33 6 8.08
36 50.00 6 14.53 68.00 6 11.14 34.50 6 12.02 1.33 6 1.53 33.00 6 7.94 6.50 6 2.12 43.67 6 8.14 20.00 6 3.61 10.33 6 3.79 9.00 6 7.07
48 36.33 6 8.62 13.00 6 4.24 1.67 6 1.15 0 12.00 6 5.00 10.33 6 3.79 49.50 6 3.54 12.00 6 2.65 5.00 6 3.60 15.00 6 10.54
60 27.33 6 14.57 NE 0 0 13.00 6 9.54 5.00 6 5.57 5.67 6 6.03 3.00 6 2.65 0 7.50 6 7.78
72 12.33 6 7.02 NE 0 0 8.00 6 2.65 0 0 0 0 12.50 6 3.54
Note. Number of apoptotic cells is the mean of cell counts in three embryos of each age; mean is followed by standard deviation. For
paired organs, the number represents the total number of apoptotic cells found in both organs. NE, not examined; dash (—) indicates thats of reproduction in any form reserved.
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128 Cole and Rossrostral than in the caudal trunk. At 60 hpf, fewer labeled
cells were visible in trunk neuromasts, equally distributed
between rostral and caudal neuromasts. By 72 hpf, the
caudal neuromasts contained more apoptotic cells than
rostral neuromasts. At all ages, labeled nuclei were posi-
tioned within the central regions of lateral line organs (Figs.
FIG. 2. Graphs showing the numbers of apoptotic cells over time
o illustrate the peak periods of apoptosis in various structures. For
aired organs, the number represents the total number of apoptotic
ells found in both organs. Values represent means 6 standard
deviation.3G and 3H), with only very few apoptotic cells in the
Copyright © 2001 by Academic Press. All righteripheral mantle regions of the neuromast. These central
poptotic cells are most likely neurons (Metcalfe, 1989;
illiams and Holder, 2000), and it is unlikely that any were
ying skin cells, since none were found in superficial parts
f the neuromasts. Studies of older zebrafish larvae (Wil-
iams and Holder, 2000) also showed a central pattern of
euronal cell death, so it is likely that this pattern contin-
es with age.
In contrast to other sensory systems, lateral line apopto-
is did not show a temporal peak and subsequent decline in
he period between 24 and 72 hpf. This system develops
elatively late, and a peak after 72 hpf would have been
issed. Several lines of strong evidence suggest that lateral
ine cell death is likely to be an extended, ongoing process
n the zebrafish. Williams and Holder (2000), using older
arvae (5–10 dpf), have described continuous cell death and
eplacement in the lateral line system and a high rate of
poptosis in the central hair cells of the trunk neuromasts,
imilar to the pattern seen in younger larvae here. Addi-
ionally, they have shown that the mantle supporting cells
ndergo proliferation and presumably replace the dying hair
ells. The superficial location of lateral line neuromasts
akes them particularly vulnerable to environmental in-
ult, like the olfactory system. Continuous apoptosis in
ateral line neuromasts may reflect continuous exposure
nd damage and a need for ongoing replacement to maintain
ensory input to higher centers, as described for fish and
mphibian auditory hair cells (Popper and Hoxter, 1984;
ombarte and Popper, 1994; Presson, 1994; Corwin, 1985).
Rohon–Beard Neurons
Rohon–Beard neurons were readily identified morpho-
logically due to their distinctive large size and discrete
order in the dorsolateral spinal cord (Lamborghini, 1987;
Figs. 3I and 6C). Since cell-specific markers were not used
to identify Rohon–Beard neurons, these cell counts may
include other cell types such as dorsal spinal cord neurons.
Apoptosis within Rohon–Beard neurons followed a rough
rostrocaudal gradient between 24 and 60 hpf, with apoptotic
neurons peaking at between 36 and 48 hpf and decreasing
rapidly by 60–72 hpf (Table 1; Fig. 2). The first apoptotic
Rohon–Beard neurons were observed at 24 hpf rostrally
with few labeled cells caudally. By 30 hpf, apoptotic Rohon–
Beard cells were found slightly more caudal, typically at the
level of myotome 11–14 and continuing caudally to the end
of the spinal cord. By 48 hpf (Fig. 6C), the majority of
apoptotic Rohon–Beard cells were concentrated in the cau-
dal portion of the spinal cord, with only one to two labeled
cells rostrally (level 9–11), increasing to three to five
apoptotic neurons more caudally. By 60 hpf, few apoptotic
Rohon–Beard cells were found, only in the last five to eight
myotomes. By 72 hpf, few, if any, apoptotic Rohon–Beard
cells were observed. Although we have not closely docu-
mented the rostrocaudal distribution of apoptosis, these
results suggest that the majority of Rohon–Beard cells that
s of reproduction in any form reserved.
129Apoptosis in the Developing Zebrafishdie by apoptosis do so in a rough rostrocaudal gradient
between 24 and 48 hpf.
During early development of lower vertebrates, Rohon–
Beard neurons serve as primary sensory neurons until the
dorsal root ganglia are established and functional (Lambor-
ghini, 1987). Once the dorsal root ganglia mature, the
Rohon–Beard neurons become extraneous and are presum-
ably removed by phylogenetic apoptosis (Glu¨cksmann,
1951). In other vertebrates, the pyknotic nuclear pattern
characteristic of apoptosis have been described during
Rohon–Beard neuron elimination in skates (Beard, 1896, ref.
in Jacobson, 1991), and amphibians(Lamborghini, 1987;
Kollros and Bovberg, 1997).
In zebrafish, we found that Rohon–Beard neurons were
also eliminated by apoptosis during the period when the
dorsal root ganglia are forming a rostrocaudal gradient of
their peripheral arbors (Sipple, 1998; Williams et al., 2000).
By 48 hpf, the peripheral processes of the dorsal root ganglia
neurons have formed, during the peak of apoptosis in the
Rohon–Beard population. These patterns are consistent
with the idea that Rohon–Beard neurons die by phyloge-
netic apoptosis after their functions are assumed by the
maturing dorsal root ganglia. However, substantial apopto-
sis occurs prior to the earliest development of the dorsal
root ganglia (Williams et al., 2000); therefore it is unlikely
that competition for target-dependent factors is the only
variable controlling Rohon–Beard apoptosis especially dur-
ing the early periods. Recent studies have suggested some of
the factors regulating apopotosis in the Rohon–Beard sys-
tem (Sipple, 1998; Williams et al., 2000). As elegantly
demonstrated by Williams et al. (2000), Rohon–Beard apo-
ptosis is caspase dependent and may be initiated by lowered
signaling of the neurotrophin NT-3 and its receptor trkC1.
Furthermore, Sipple (1998) has demonstrated that the ho-
meobox gene ztlx3 may be a critical triggering factor, as
Rohon–Beard neurons lose their expression of this gene
during the earliest period of Rohon–Beard apoptosis (23–24
hpf). It would be interesting to see whether the loss of ztlx3
and changing expression of NT-3 or caspase levels are also
characteristic of other neuronal populations as part of a
temporal sequence leading to apoptosis.
FIG. 3. Apoptosis in sensory organs. (A–C) Olfactory organ. (A, B)
lateral is right. (C) Whole-mount of 36-hpf embryo; rostral is left a
numerous apoptotic cells at 36 hpf. (B) At 48 hpf, the morphology
are dying neurons. Apoptosis is also seen at the margin of the telen
view of the head at 36 hpf demonstrates clusters of dying cells in
lateral view of eye at 24 hpf shows large numbers of apoptotic cells
is left and dorsal is up. (E) Transverse section at 24 hpf demonstra
margin, while the retina contains few apoptotic cells (arrow). Latera
apoptotic cells in the retina at various levels and fewer apoptotic cel
is up. (G, H) Neuromasts of trunk lateral line organs. (G) Horizont
organs on outer surface of trunk (arrows). (H) Lateral view of sing
clustered in the central region of the organ. Asterisk indicates pigm
in a horizontal section of the dorsal spinal cord of a 48-hpf embr
olfactory organ; tel, telencephalon. Scale bars, 25 mm for all panels.
Copyright © 2001 by Academic Press. All rightThe period of cell death observed in this study may not be
the only developmental stage when Rohon–Beard neurons
die. Although a dramatic peak of cell death was observed in
this population at 60 h, small numbers of Rohon–Beard
neurons out remain in the spinal cord at 5 days (Sipple,
1998; Williams et al., 2000). Subsequent waves of cell death
may eliminate even these few remaining neurons.
Trigeminal Ganglion
Cell death in the trigeminal ganglion occurred within a
narrow time window, with no apoptotic cells apparent
earlier than 30 hpf and only rarely seen after 60 hpf (Table
1). Beginning at 30 hpf, between 8 and 12 large round
apoptotic cells were observed distributed throughout each
trigeminal ganglion (Fig. 4D) in a pattern that persisted
through 36 hpf. By 48 hpf, the number of apoptotic trigemi-
nal ganglion cells was slightly reduced; beyond 60 hpf dying
trigeminal ganglion cells were rarely observed (Table 1).
While tactile-sensory neurons appear early in the trigemi-
nal ganglion (Metcalfe et al., 1990; Kimmel et al., 1995), it
is interesting to note that the period of apoptotic death of
these tactile trigeminal neurons corresponds to that seen
for Rohon–Beard neurons, a separate class of tactile-sensory
neurons.
Trigeminal tactile-sensory neurons and Rohon–Beard
neurons have other developmental patterns in common.
Like the Rohon–Beard neurons, trigeminal neurons are
some of the earliest neurons to grow axons (Metcalfe et al.,
1990), and their axonal tracts share a common longitudinal
pathway in the brain and spinal cord. The peripheral arbors
of these two cell types are also very similar (Metcalfe et al.,
1990; Sipple, 1998). Our observations of a common discrete
period of cell death, between 36 and 60 hpf, raises the
possibility that these early tactile sense cells in the trigemi-
nal ganglion are replaced by an adult form of sensory
neurons in a pattern similar to Rohon–Beard neuron re-
placement.
sverse sections of 36- (A) and 48-hpf (B) embryos; dorsal is up and
rsal is up. (A) The anterior surface of the olfactory organ contains
ocation of apoptotic cells in intermediate layers suggest that they
alon, in the prospective olfactory bulb region (arrows). (C) Lateral
rostral olfactory organ (dotted lines). (D–F) Eye. (D) Whole-mount
e lens and scattered apoptotic cells in the retina at this age. Rostral
hat the majority of the apoptotic cells in the lens are at the outer
ft and dorsal is up. (F) Transverse sectin at 36 hpf reveals numerous
the lens than seen at 24 hpf (compare to E). Lateral is left and dorsal
tion of 36-hpf embryo, showing apoptotic cells within lateral line
teral line organ in 72-hpf whole mount; large apoptotic cells are
ells. Dorsal is up. (I) Apoptotic Rohon–Beard neurons (arrowheads)
ostral is up. Abbreviations: myo, myotome; noto, notochord; oo,Tran
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132 Cole and RossEars
The rate of apoptosis in the ear and the statoacoustic
ganglion were consistently lower than in other sensory
organs (Table 1; Fig. 2). Two general patterns of apoptosis
were noted: a scattered pattern characterized by an ongoing
low rate of distributed apoptotic cells and a focal pattern
characterized by more concentrated and temporally discrete
clusters of apoptotic cells. The center and margins of the
developing otic vesicle were the first to show apoptotic
cells in a scattered pattern at 20 hpf, immediately following
cavitation (Kimmel et al., 1995; Haddon and Lewis, 1996).
With the exception of the semicircular canals (see below),
apoptotic cells continued as scattered individual cells until
36 hpf, when localized clusters formed in the sensory
epithelium of the maculae and in the statoacoustic (VIII)
ganglia (Figs. 4A, 4B, and 4D). At 24 hpf, the sensory hair
cells of the maculae become visible, with apical projections
that are attached to an overlying otolith (Haddon and Lewis,
1996). A basal layer of support cells beneath the more apical
sensory hair cells gives the sensory epithelium a two-part
stratified appearance. The size, location, and apical nuclei
of the macular apoptotic cells at 36 hpf suggested that the
labeled cells were primarily sensory hair cells (Haddon and
Lewis, 1996). At 36 hpf (Fig. 4A), the neighboring stato-
acoustic ganglion also contained apoptotic cells. At 48 hpf,
fewer apoptotic cells were concentrated ventrally in the ear
TABLE 2
Apoptosis in Brain Regions
hpf Telencephalon Diencephalon Pineal gland Hypothal
20 8.33 6 0.58 12.67 6 2.52 0 0
22 10.00 6 2.00 4.00 6 1.41 0 1.50 6 2
24 9.00 6 4.00 9.67 6 6.11 6.33 6 4.16 9.33 6 7
30 3.67 6 1.15 5.50 6 3.54 4.00 6 3.61 0
36 29.67 6 4.93 13.33 6 4.16 6.50 6 6.36 3.33 6 2
48 30.00 6 10.44 8.67 6 2.52 6.33 6 5.03 6.00 6 4
60 22.00 6 10.54 10.33 6 3.79 2.67 6 3.79 47.33 6 1
72 11.67 6 2.31 4.00 6 5.29 1.00 6 1.73 18.33 6 5
FIG. 4. Apoptosis in sensory organs and brain regions. (A–C) Tran
is up and lateral is left. (A) The anterior macula and the statoacous
macula also contained apoptotic cells at 36 hpf. (C) The semicircu
Lateral view of 36 hpf whole mount; anterior is left and dorsal is
ganglion (arrowhead) and otocyst (asterisk). (E–H) Brain region apo
apoptotic cells in the telencephalon were frequently located adj
terminate. (F) Apoptotic cells at 48 hpf in the pineal gland (arrow
apoptotic cells (arrows) were observed in the hypothalamus. (H) Te
numerous apoptotic cells, often clustered symmetrically (arrows) b
were less frequent (asterisk). Abbreviations: am, anterior macula
macula; sag, statoacoustic ganglion; sc, semicircular canal; tec, tec
(A) and (B); in (C), 25 mm for (C), (E), and (F); in (D), 25 mm for (D), (G),
Copyright © 2001 by Academic Press. All rightnd ganglia; by 60 hpf, the scattered pattern resumed. At 24
pf and again at 60 hpf, dispersed apoptosis was observed
ithin the semicircular canals (Fig. 4C).
Two different types of apoptosis were observed, similar to
hose as described by Glu¨cksmann (1951). First, the early,
iffuse pattern of auditory organ apoptosis concurrent with
ngoing morphogenetic events leads us to propose that cells
re eliminated to create space required for auditory organ
orphogenesis. For example, the onset of apoptosis at 20
pf closely follows otic placode cavitation at 18.5–19 hpf
Kimmel et al., 1995; Haddon and Lewis, 1996). The apo-
tosis seen in the semicircular canals at 60 hpf may reflect
he ongoing fusion and bifurcation processes involved in
emicircular canal formation (Haddon and Lewis, 1996).
The second pattern of concentrated apoptosis observed at
6 hpf is more likely to represent histogenetic apoptosis
Glu¨cksmann, 1951). The time period between 24 and 48
pf coincides with two ongoing developmental processes
nvolving cell death: neurogenesis and synaptogenesis. Had-
on and Lewis (1996) have described an initial period of hair
ell production between 24 and 42 hpf, then a brief period
ver which hair cell numbers remain relatively constant
ntil 72 hpf on, when hair cells are added to each macula at
steady rate of approximately 15 hair cells per day. Our
bserved concentration of dying cells at 36 hpf may repre-
ent hair cells that either failed to differentiate properly or
Optic tectum Tegmentum Hindbrain Cerebellum
9.00 6 3.61 0 5.00 6 2.83 0
6.67 6 4.16 1.00 6 1.73 10.50 6 2.12 0
14.00 6 6.24 7.67 6 5.51 19.33 6 10.07 8.00 6 0.00
13.33 6 7.57 8.50 6 4.95 2.67 6 2.08 6.50 6 0.71
31.00 6 2.83 14.67 6 5.13 15.00 6 11.53 18.00 6 4.58
39.50 6 14.85 13.00 6 9.85 7.67 6 8.96 1.33 6 1.15
81.67 6 21.03 12.33 6 7.57 1.33 6 2.31 8.67 6 7.37
33.00 6 22.63 3.33 6 2.31 1.33 6 2.31 0
se sections through inner ear at 36 hpf (A, B) and 60 hpf (C); dorsal
anglion contained apoptotic cells at 36 hpf. (B) The posteromedial
anal and posterior macula contained apoptotic cells at 60 hpf. (D)
Apoptosis in the trigeminal ganglion (arrow), anterior lateral line
is in transverse sections; dorsal is up in all panels. (E) At 48 hpf,
to the olfactory placode, in the region where ingrowing axons
) Hypothalamus at 60 hpf. Throughout development, numerous
and tegmentum of the midbrain. At 60 hpf, the tectum contained
lso as single cells (arrowheads). Apoptotic cells in the tegmentum
diencephalon; ol, otolith; oo, olfactory organ; pm, posteromedial
; teg, tegmentum; tel, telencephalon. Scale bars in (A), 25 mm foramus
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133Apoptosis in the Developing ZebrafishFIG. 5. Cameral lucida drawings of apoptosis during neurulation and somitogenesis. (A, B) Dorsal surface views showing progression of
idline apoptosis from rostral to caudal locations between 12 (A) and 20 (B) hpf; this progression presumably reflects rostral to caudal
eparation of the neural keel from the overlying skin ectoderm. Apoptotic cells were numerous at sites of somite formation and along the
egmental plate mesoderm where somites had not yet formed. (C–E) Lateral views showing superficial location of apoptotic cells at midline
etween 12 and 20 hpf. C, 12 hpf; D, 16 hpf; E, 20 hpf. The progress of neural keel separation can be seen to advance from rostral locationsC) to caudal locations (D). By 20 hpf, apoptosis is reduced overall.
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134 Cole and Rosswere unable to halt mitotic division and thus were elimi-
nated by apoptosis. For both maculae and statoacoustic
ganglia, synaptogenesis may underlie the peak of cell death
at 36 hpf. The role of macular hair cells in detecting gravity,
linear acceleration, and/or sound requires innervation by
axons from the neighboring statoacoustic ganglion (Haddon
and Lewis, 1996). Macular apoptosis may reflect failures in
forming proper macular and ganglia connections. Con-
FIG. 6. Apoptosis in other structures. (A) Transverse section of
within the notochord (outlined with dotted lines). (B) Whole-moun
large apoptotic cells at the distal margin of the median fin fold. (C
dorsal is up. Muscle, spinal cord, and vent all contained apoptotic
Arrowheads indicate apoptotic Rohon–Beard cells within the spinal
vent. Abbreviations: not, notochord; sc, spinal cord. Scale bars, 50versely, statoacoustic ganglion apoptosis may represent a c
Copyright © 2001 by Academic Press. All rightailure of ganglion cells to connect with macular target
ells.
Our data suggest a higher rate of cell death in the
eveloping ear than previously reported by Bever and Fekete
1999) in Xenopus and zebrafish ear. Bever and Fekete
abeled apoptotic cells with the TUNEL method and coun-
erstained their material with the nuclei acid stain
OTO-3. In this way, they were able to detect and exclude
hord at 20 hpf; dorsal is up. Arrow indicates large apoptotic cell
of 60-hpf embryo; anterior is left and dorsal is up. Arrows indicate
ral view of trunk of 48-hpf whole-mount embryo; anterior is left,
. Small arrows indicate apoptotic cells within the epaxial muscle.
. Large arrow indicates cluster of apoptotic cells at the prospective
in (A–C).notoc
t tail
) Late
cells
cordells labeled by the TUNEL method which did not show the
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135Apoptosis in the Developing Zebrafishcharacteristic fragmented nuclear morphology characteris-
tic of apoptotic cells. During the period of 19–42 hpf, Bever
and Fekete observed a total of only 28 apoptotic cells in 24
otocysts examined, with no false positives. In comparison,
we observed a mean of 50 apoptotic cells within a single
otocyst. This difference in cell number may reflect a differ-
ence in the sensitivity of the peroxidase method used here
and the fluorescent labeling used by Bever and Fekete
(1999). Unfortunately, we know of no direct comparisons of
these two methods. We feel that the numbers reported in
this study are accurate for several reasons, despite reports
indicating that TUNEL staining of the oxygen sensitive
inner ear structures in mammals may represent autolysis
and not apoptosis (Nishizaki et al., 1999). First, if autolysis
ere causing false positives, this would be an ongoing
rocess, and we would not have observed the peak in
poptosis in the present study. Second, the patterns of
poptosis in the ear have been confirmed by vital staining
ith acridine orange in living embryos in our lab (data not
hown). Finally, as described above, Bever and Fekete (1999)
ndependently reported that they observed no false posi-
ives during the period when we see a peak in apoptosis (36
pf).
Brain Regions
Table 2 summarizes the number of apoptotic cells in
various brain regions at different ages. Note that apoptosis
within the pineal gland and hypothalamus were recorded
separately from the rest of the diencephalon. The pituitary
gland was often removed during dissection, and was not
examined for apoptosis. The following paragraph details
observations applicable to the entire brain. Subsequently,
we will discuss distribution of apoptotic cells within spe-
cific brain regions.
Several generalizations can be made regarding apoptotic
patterns in the brain. First, cells typically die at a low rate
throughout the brain across the entire observed period from
12 to 96 hpf. Second, in 12- to 20-hpf embryos, a general
overall pattern of apoptosis was consistently observed: the
majority of apoptotic cells localized to the dorsal midline
(Figs. 5C and 5D). After 20 hpf, apoptotic cells were more
scattered and widely distributed throughout the brain.
Third, between 24 and 60 hpf, apoptotic cells frequently
formed clustered and contiguous labeled cell groups
throughout the brain. Fourth, apoptosis was rare at the
ventricular zone. Finally, apoptosis declined gradually be-
yond 60 hpf throughout all brain regions, with the excep-
tions of the rostral telencephalon and hypothalamus (de-
scribed below).
Clusters of Apoptotic Cells in the Brain
Beginning at 24 hpf, we observed clusters of apoptotic
cells at various points in the nervous system that may or
may not be due to histogenetic remodeling in the affected
regions. During the period of circuit formation, neurons are
Copyright © 2001 by Academic Press. All rightinked by transient gap junctions (Peinado et al., 1993;
aternostro et al., 1995); the temporary nature of these
unctions is believed to permit coordination of activity in
euronal circuits prior to their innervation by peripheral
xons. Viewed in light of these observations, our descrip-
ion of apoptotic clusters in the zebrafish brain during
iscrete time periods suggests the possibility that coordi-
ated groups of cells die following failed attempts to form
he proper connections with ingrowing axons. Lacking an
ppropriate connection with afferent cells, one or more
ells in a common circuit may transmit cell death signals
ia gap junctions to initiate the deaths of all interconnected
ells. This possibility is further supported by the timing of
lustered apoptotic cell death following axon ingrowth to a
pecific brain region. Regional apoptosis associated with
xon ingrowth is considered in detail below.
Early Cell Death at the Dorsal Midline
Early cell death along the dorsal surface of the developing
embryo, especially from 12 to 36 hpf, may be related to the
formation of the neural keel (Papan and Campos-Ortega,
1994; Kimmel et al., 1995). The earliest apoptosis is local-
ized mostly to the rostral half of the developing central
nervous system (Fig. 5C); at later stages it extends into the
caudal half of the embryo (Fig. 5D). This rostral-to-caudal
progression of apoptosis along the dorsal midline presum-
ably reflects the rostral-to-caudal progression of neurula-
tion. The dorsal position of these apoptotic cells also
supports the idea that early apoptosis around the neural
keel may involve neural crest cells; other researchers have
observed neural crest apoptosis in developing chick em-
bryos (Homma et al., 1994; Jeffs and Osmond, 1992; Jeffs et
al., 1992). Apoptosis of non-neural crest cells has also been
reported along the dorsal surface of the developing neural
tube in chick embryos (Sanders and Wride, 1995; Homma et
al., 1994; Glu¨cksmann, 1951); the cells were thought to be
eliminated during neural tube closure and detachment from
overlying ectoderm. Our results suggest that zebrafish may
also employ apoptosis as a means for neurulation and
elimination of excess cells during neural keel formation.
Morphogenetic Cell Death
Most of the scattered apoptosis in the developing brain
may be in response to the gradual and ongoing morphogen-
esis or the elimination of damaged or defective cells. Some
exceptions to this pattern were seen during limited periods
in the development of the telencephalon, hypothalamus,
and tectum (see below). We would suggest that the general
pattern of cell loss might open space for cell movements
occurring during sculpting of the developing brain. Such
mechanisms are consistent with our observation of greater
numbers of apoptotic cells at earlier stages (12–60 hpf) and
the scattered distribution of these apoptotic cells through-
out the developing brain. For example, we observed a peak
in hindbrain apoptosis immediately prior to the morpho-
s of reproduction in any form reserved.
136 Cole and Rossgenesis of the cerebellum at 24 hpf; these cells might be
eliminated to provide space for cerebellar morphogenesis.
Our observations are consistent with reports in numerous
other vertebrates such as cats, lizards, rats, mice, chicks,
and frogs, where scattered apoptosis in the early central
nervous system is presumed to make space for morphologi-
cal rearrangements (Oppenheim, 1991; Glu¨cksmann, 1951).
Telencephalon
Throughout the developmental times examined, the tel-
encephalon had high rates of apoptosis relative to other
brain areas (Table 2; Fig. 2). In particular, high rates were
consistently observed in the outermost layers of the rostral
telencephalon (Figs. 3B and 4E). At 20 and 22 hpf, apoptotic
cells appeared as individuals, and at 24 hpf as two to four
cell clusters. The majority of the labeled cells were located
in the portion of the telencephalon directly adjacent to the
olfactory placodes, in the marginal zone containing postmi-
totic cells. This area represents the presumptive olfactory
bulb and the site of termination of olfactory nerve axons
(Wilson et al., 1990; Whitlock and Westerfield, 1998).
Between 30 and 72 hpf, labeled cells in the telencephalon
continued to be concentrated adjacent to the olfactory
placodes, although the pattern of the apoptotic clusters
varied slightly from one age to the next. In 30-hpf embryos,
we observed clusters of two to four contiguous cells; by 36
hpf, the size of the contiguous clusters ranged from two to
six cells each. We continued to observe contiguous clusters
of this size until 72 hpf, when clusters were again reduced
to sets of two to four cells. By 96 hpf, overall apoptosis in
the telencephalon decreased, and apoptotic cells were no
longer clumped.
Although the early nonclustered telencephalic apoptosis
is probably due to morphogenetic rearrangements, later
concentrations in the ventral telencephalon could be an
indirect effect of the initial synaptogenesis in the olfactory
projections as well as the ongoing turnover of peripheral
olfactory receptor neurons. As peripheral receptors are lost
and regenerated, there is likely to be a continual “making
and breaking” of synapses between the olfactory epithelium
and the olfactory bulb targets in the telencephalon. This
idea is supported by the observation that clustered apopto-
sis begins at 24 hpf, and peaks at 36–48 hpf, coincident with
the initial ingrowth of olfactory axons into the telenceph-
alon by 24 hpf (Wilson et al., 1990; Whitlock and Wester-
field, 1998). Continual growth of both structures could also
contribute to the constant flux of synapses between the
olfactory epithelium and the olfactory bulb (Farbman,
1992). A high rate of synapse formation, whether due to
continuous growth or constant cell turnover, would imply
some degree of failure to form or reform appropriate con-
nections and a corresponding concentration of apoptosis in
the affected region. Numerous studies have demonstrated a
close functional codependence between the olfactory epi-
thelium and the olfactory bulb; elimination of either bulb,
epithelium, or their connections can result in reduced size
Copyright © 2001 by Academic Press. All rightof the corresponding partner (Skeen et al., 1985; Frazier and
Brunjes, 1988; Maruniak et al., 1989; Carr and Farbman,
1992; Schwob et al., 1992; and Michel et al., 1994). Beyond
36 hpf, apoptosis in the ventral telencephalon is likely to
reflect the failure of an incoming olfactory sensory neuron
to establish a successful synapse with a neuron in the future
olfactory bulb region, resulting in the death of one or both
of the cells involved. With the close interdependence and
constant synaptogenesis between the olfactory epithelium
and the telencephalic olfactory bulb, it is not surprising that
the future olfactory bulb region of the telencephalon shows
a high occurrence of apoptosis throughout all ages exam-
ined.
Diencephalon
The diencephalon demonstrated a consistently low level
of apoptosis throughout all ages examined (Table 2). With
the exception of the hypothalamus and pineal gland (Figs.
4F and 4G), there was no prominent clustered apoptosis, nor
was there any apparent pattern to the location or timing of
cell deaths.
Pineal gland. We observed a small number of apoptotic
cells in the pineal gland between 24 and 72 hpf (Table 2).
The apoptotic cells were most often located in the outer
circumference of the structure (Fig. 4F).
Hypothalamus. Prior to 24 hpf, apoptotic cells in the
hypothalamus typically occurred as individuals. Beginning
at 24 hpf, hypothalamic apoptotic cells occurred in clusters
of two to four cells. Apoptotic cell clusters were composed
of contiguous cells from 30 to 72 hpf (Fig. 4G); the size of
the clusters increased from two to three cells at 30 hpf to
two to six cells from 48 until 72 hpf.
Similar to the olfactory bulb region of the telencephalon,
the hypothalamus demonstrated a continuous level of apo-
ptosis throughout development, with a peak rate at 60 hpf
(Table 2; Fig. 2). This ongoing pattern of apoptosis could be
due to the fact that the fish hypothalamus receives efferent
projections from the olfactory bulb (Davis and Northcutt,
1983). This telencephalon–hypothalamus link is believed
to initiate behavior in response to olfactory stimuli (Farb-
man, 1992). Since the olfactory bulb of the telencephalon is
constantly forming and breaking synapses with the olfac-
tory periphery, it is reasonable to suppose that the projec-
tions from the telencephalic olfactory bulb to the hypo-
thalamus are also in a constant state of remodeling. As
previously mentioned, an ongoing pattern of synaptogen-
esis provides opportunities for both cell survival and cell
elimination, depending upon the success or failure of the
synapse. A chain of survival or elimination could link all
three regions: olfactory bulb cells lost or maintained by
changing connections with the olfactory periphery could
effect, in turn, the ongoing survival of specific connected
hypothalamic cells. In addition, the peak of apoptosis at 60
hpf could reflect a period when afferents to the hypothala-
mus are establishing connections; this possibility awaits
further investigation.
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137Apoptosis in the Developing ZebrafishMesencephalon
Optic tectum. The midbrain of the zebrafish embryo
consists of the tectum and tegmentum; the dorsally located
tectum is separated from the more ventral tegmentum by
the third ventricle and the sulcus limitans. As development
proceeds, the tectum thickens, and distinct zones become
identifiable. At 24 hpf, the tectum is composed of a single
zone of mitotic cells called the ventricular zone. A second
zone, composed of neuropil and postmitotic migrating cells,
develops by 42 hpf; this zone is called the ventricular zone
(Stuermer, 1988). We refer to the superficial and fiber-
containing layer of the optic tectum as the marginal zone,
and the inner, ventricle-contacting portion as the ventricu-
lar zone (Fig. 4H).
The optic tectum contained the highest number of apo-
ptotic cells of any brain region (Table 2). The general
location and clustering pattern of apoptotic tectal cells
varied over time; however, the rostral half of the tectum
consistently contained more apoptotic cells than the caudal
half of the tectum. Prior to 36 hpf, we observed individual
apoptotic tectal cells, but from 36 to 72 hpf, we identified
both individual and clustered apoptotic cells. Between 20
and 30 hpf, the majority of apoptotic tectal cells were
concentrated along the outer surface of the marginal zone.
By 36 hpf, apoptotic cells were distributed equally between
the future marginal and ventricular zones; most cells
within the ventricular zone were located superficially,
adjacent to the neuropil of the developing marginal zone
and not in the deep layers of the ventricular zone. Tectal
apoptosis increased substantially at 60 hpf (Table 2, Fig. 2,
Fig. 4H); the increase was characterized by multiple clusters
of 6–10 cells each. Often, these clusters were found in
symmetrical locations in the tectum (Fig. 4H). The number
of apoptotic tectal cells decreased at 72 hpf (Table 2, Fig. 2),
although the tectum of older embryos still contains a high
level of apoptotic cells as compared to other brain regions
(data not shown).
As in the telencephalon, the early intermittent tectal
apoptosis is probably due to its gradual rate of morphogen-
esis. The burst of concentrated tectal apoptosis at 60 hpf,
however, is likely to reflect a specific event: the ingrowth of
retinal axons at approximately 46–48 hpf of development
(Stuermer, 1988). Again, this late surge of apoptotic tectal
cells may reflect a process of eliminating cells with inap-
propriate or insufficient connections with the ingrowing
retinal axons. This conclusion is supported by the observa-
tion that most tectal apoptotic cells were located in the
marginal zone or along the dorsal surface of the ventricular
zone. These tectal areas both contain differentiated neurons
(L.S.R., unpublished observations) and are the main regions
where retinal fibers form synapses (Stuermer, 1988). The
idea that tectal cells depend heavily upon ingrowing retinal
afferents for survival has been supported by the outcome of
experiments depriving chick optic tecta of retinal input.
Catsicas and coworkers (1992) found that experimental
blockade of retinal ganglion cell input in chick induced
Copyright © 2001 by Academic Press. All rightapid apoptosis of target cells in the optic tectum. Func-
ional synaptic contacts between retinal cells and tectal
arget cells permit target cell maintenance through neuro-
rophic factor support mechanisms. Chick tectal neurons
ake up and utilize anterogradely transported neurotrophins
rom the developing retina (von Bartheld et al., 1996).
ontinued high levels of apoptosis in zebrafish may be
xplained by the fact that both the optic tectum and retina
row throughout life (Marcus et al., 1999); the newly
enerated cells in the optic tectum must continue to form
uccessful synapses with ingrowing retinal ganglion cells.
Tegmentum. The tegmentum was characterized by a
onstant, but relatively low level of apoptosis throughout
ll times examined (Table 2). The majority of apoptotic
egmental cells were found at the dorsal margin of the
egmentum, proximal to the ventricle (Fig. 4H). Clustering
f apoptotic cells in the tegmentum mirrored the pattern
een in the tectum: clustering began at 36 hpf and contin-
ed through 72 hpf.
Rhombencephalon
Hindbrain and cerebellum. The majority of apoptotic
cells in the hindbrain were located in the outer ventricular
zone, along the dorsal surface. Hindbrain apoptosis peaked
at 22 hpf (Table 2), just prior to the formation of the
cerebellum at 24 hpf (Kimmel et al., 1995). Apoptosis in the
cerebellum, too, is predominantly concentrated in the pe-
ripheral layer, and peaked at 36 hpf.
Prior to 24 hpf, hindbrain apoptosis may reflect the
ongoing morphogenesis of the cerebellum. Beyond 30 hpf,
cell death in the hindbrain may correlate with the loss of
synaptic input from sensory afferents. For example, lateral
line afferents target cells located along the dorsal surface of
the hindbrain. Since the hair cells demonstrated high levels
of apoptosis from 30 to 72 hpf, it is reasonable to presume
that the apoptosis we observed in dorsal surface hindbrain
cells during this time period could reflect second order cell
death following loss of hair cell input. The peak in cerebel-
lar apoptosis at 36 hpf may be related to the elimination of
extraneous cells following its formation.
Other Structures
Table 3 summarizes the average numbers of apoptotic
cells in various non-nervous tissues at different ages. Fur-
ther details on apoptotic cell location are described below.
The jaw, gills, heart, kidneys, liver, pancreas, swim bladder,
hatching gland, and pectoral fins were removed along with
the yolk sac during dissection and will not be discussed.
Notochord
Apoptosis in the notochord and notochord sheath was
limited to the period between 14 and 24 hpf of development
(Table 3), peaking at 22 hpf (Table 3, Fig. 6A). The apoptotic
bodies and cells did not appear to have any specific local-
s of reproduction in any form reserved.
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sheath.
Apoptosis in the notochord and notochord sheath be-
tween 16 and 20 hpf may reflect partial notochord elimina-
tion following the completion of its role in induction of the
overlying neural ectoderm. Kimmel et al. (1995) described
the differentiation of the notochord in which cells vacu-
olate and swell at 19.5 hpf. These cells then become the
structural cells of the notochord. Cells that fail to vacuolate
and differentiate may represent the apoptotic cells in the
notochord and its sheath. Our observations of notochord
apoptosis are consistent with published observations in
other vertebrates, including fish, rabbits, pigs, chicks, and
humans (ref. in Glu¨cksmann, 1951), which suggest that the
notochord detaches from underlying endoderm and under-
goes partial or total regression via natural cell death.
Fins
The unpaired fins (dorsal, caudal, and anal) all arise from
a single embryonic rudiment known as the median fin fold.
The median fin fold is first visible at 20 hpf, and extends
along the dorsal and ventral midlines of the trunk and tail
(Harder, 1975; Akimenko et al., 1995). Based on nuclear size
and cell location within the fin fold, apoptotic cell groups in
the developing fins appeared to consist of both epidermal
and cartilagenous cells. At 22 hpf, the median fin fold
averaged 11 apoptotic cells (Table 3); labeled cells were
typically located at the distalmost edge of the fin fold and
only rarely at the body/fin fold junction. At this early age,
labeled cells in the fins were not clustered, and peripheral
locations within the fin fold (future dorsal, tail, or anal fin
region) varied from embryo to embryo. By 24 hpf, we
observed clusters of apoptotic cells in the median fin fold;
all these clustered cells were located in the distal periphery
of the fin fold. Although some cells were located in the
future dorsal and caudal fin regions, the majority of apopto-
TABLE 3
Apoptosis in Other Structures
hpf Notochord Somite/segmental plate Epaxial muscle H
12 0 42.50 6 16.26 —
14 5.33 6 4.04 48.33 6 4.51 —
16 2.33 6 1.53 45.50 6 10.61 —
18 3.33 6 1.53 27.00 6 5.00 —
20 7.33 6 4.93 27.33 6 6.66 —
22 8.00 6 3.61 35.33 6 8.08 0
24 3.67 6 2.08 30.50 6 12.02 18.33 6 4.73
30 0 — 14.00 6 4.36
36 0 — 46.00 6 16.46
48 0 — 25.00 6 11.27
60 0 — 11.00 6 7.81
72 0 — 10.00 6 1.73tic cell clusters were found in the future anal fin. This
Copyright © 2001 by Academic Press. All rightegion contained a concentration of apoptotic cells separat-
ng the ventral portion of the median fin fold into two
ieces—one which extended along the ventral midline of
he yolk extension to the point of the vent opening, and a
econd which extended along the midline of the body
audal to the vent and continued all the way around the tail
o the midline of the dorsal surface. Between 30 and 72 hpf,
e continued to observe clustered apoptotic cells at the
istalmost periphery of the fin fold (Fig. 6B); the total
umber of labeled cells increased with age in a stepwise
ashion until 60 hpf, when fin apoptosis decreased (Table 3).
rom 30 to 72 hpf, there was no apparent concentration of
he cell clusters in specific fin primordia.
Somites and Muscle
Kimmel and colleagues have defined the developmental
period of 10–24 hpf as the zebrafish segmentation period
(Kimmel et al., 1995). This time frame is characterized by
the formation of somites from the segmental plate meso-
derm, the formation of the tail bud, and the elongation of
the embryo, and the formation of the first somitic furrow at
10.3 hpf (Kimmel et al., 1995). Between 12 and 22 hpf, we
observed numerous apoptotic cells both in the segmental
plate (Fig. 5, Table 3), where somites had not yet formed and
in more differentiated areas where somite boundaries were
clearly established. Within somites, apoptotic cells resided
in both peripheral and central locations. As each somite
differentiates, chevron shaped myotomes are distinguished
on the surface of the trunk forming a rostrocaudal gradient
(Kimmel et al., 1995). Myotomes of the fish musculature
dorsal to the notochord are referred to as epaxial, and
myotomes ventral to the notochord are referred to as
hypaxial (Harder, 1975). A distinct myotome is first visible
in rostral somites at approximately 18 hpf (Kimmel et al.,
1995). In the rostralmost four to five somites at this age, we
observed clustered dying cells associated with the myotome
ial muscle Urogenital system Tailbud Median fin fold
— — 0 —
— — 0 —
— — 0 —
— — 6.00 6 1.00 —
— — 35.33 6 8.33 0
0 — 9.33 6 4.04 11.00 6 5.57
6 14.85 1.33 6 2.31 4.00 6 5.66 7.00 6 6.08
6 4.04 13.33 6 10.07 — 13.67 6 13.50
6 2.65 15.33 6 3.06 — 20.00 6 6.24
6 7.00 3.67 6 0.58 — 12.00 6 6.00
6 7.21 4.33 6 1.15 — 20.33 6 8.08
6 11.53 0.67 6 1.15 — 5.00 6 2.83ypax
34.50
16.33
18.00
15.00
10.00
18.00borders in the presumptive epaxial muscles. The presump-
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139Apoptosis in the Developing Zebrafishtive hypaxial muscles contained very few apoptotic cells.
From 20 to 22 hpf, developing epaxial musculature showed
apoptotic cells clustered around myotome borders, al-
though clusters were not found at every myotome border,
and cluster position of the clusters varied rostrocaudally
from embryo to embryo. During this period of 20–22 hpf,
hypaxial muscles contained scattered unclustered dying
cells, with most of the apoptotic cells located in the
musculature just caudal to the cloaca. By 24 hpf, both the
epaxial and hypaxial musculature demonstrated scattered
nonclustered apoptosis that was not grouped at myotome
borders. We noted continuous distributions of apoptotic
muscle cells between 30 and 72 hpf; however, the distribu-
tion at each consecutive age began progressively more
caudall. At 30 hpf, the distribution began roughly midway
between the caudal hindbrain border and the tail; by 36 hpf
the distribution began caudal to the yolk extension (Fig.
6C). Embryos examined at 48 hpf displayed a high concen-
tration of apoptosis in the 10 most caudal epaxial and
hypaxial myotomes, and apoptosis in 60 and 72 embryos
was predominantly localized to the caudal myotomes.
The elimination of cells in segmental plate, somitic, or
muscle could be due to several ongoing developmental
processes, including the formation of somites and the
formation of synapses between motor neurons and muscle
cells. Segmental plate/somitic cells could be eliminated
during establishment of somite boundaries, exemplifying
Glu¨cksmann’s morphogenetic apoptosis. Kimmel et al.
1995), for example, proposed that the large number of
poptotic cells observed in the zebrafish tailbud represented
xcess cells eliminated at the conclusion of somitogenesis.
n reports from other species, somitogenesis coincided with
he appearance of large numbers of apoptotic cells. In
eveloping chick embryos, Sanders and Wride (1995) sug-
ested that somite boundaries may also be established via
poptosis. Apoptosis in the segmental plate and somites
ay also reflect differentiation of the myotome. The differ-
ntiation of somitic myotomes begins rostrally at approxi-
ately 16 hpf (Kimmel et al., 1995), before progressing
audally. We observed high levels of apoptosis in somitic
esoderm during the same time and in the same temporal
equence as myotome differentiation. Similar patterns
f apoptosis during myotome differentiation have been
bserved in other species (birds, mammals, teleosts, and
mphibians) (rev. in Glu¨cksmann, 1951 and Sanders
nd Wride, 1995). Our results suggest that apoptosis in
ebrafish segmental plate and somites serves a similar
orphogenetic function as described in other vertebrate
mbryos.
The later, more scattered apoptosis observed in the
resent study is more likely to represent histogenetic apo-
tosis as defined by Glu¨cksmann (1951). The rise in the
egmental plate and somite apoptosis between 12 and 24
pf coincides with the establishment of neuromuscular
unctions, specialized synapses between neurons and
uscle. Some of the apoptotic cells in somites may beliminated following failed attempts at synaptogenesis b
Copyright © 2001 by Academic Press. All rightith ingrowing axons, typical of histogenetic apoptosis
Glu¨cksmann, 1951).
Vascular System
Although the heart and gills were removed during dissec-
tion, we were able to examine the remaining aforemen-
tioned major blood vessels for apoptosis during embryogen-
esis. Beginning at 24 hpf, the main blood vessels are easily
identified in developing zebrafish embryos, including the
six aortic arches, the dorsal aorta, the caudal artery, and the
caudal vein (Harder, 1975; Kimmel et al., 1995). With the
exception of frequent and distinctly identifiable apoptotic
blood cells, we did not observe any distinct apoptotic
patterns in the developing vascular system.
Urinary System
The pronephric ducts originate from the pronephric kid-
neys deep to the second pair of somites and grow bilaterally
along the dorsal surface of the yolk extension. At the caudal
border of the yolk extension, the pronephric ducts join at
the midline; between 19.5 and 24 hpf, the ducts transform
from solid rods into cavitated tubes (Kimmel et al., 1995).
ventually, the pronephric ducts exit the body via the vent,
hich serves as the caudal exit point of the excretory
ystem. The vent becomes continuous with the urinary and
igestive systems via rupture of the endoderm of the
igestive and urinary systems and of the proctodeal ecto-
erm of the external body surface (Harder, 1975).
Although the developing pronephric kidneys were re-
oved during dissection, we were able to observe the
ronephric ducts as they grew along the dorsal surface of
he yolk extension. At 24 hpf, apoptotic cells were seen
long the entire extent of each pronephric duct (not illus-
rated). Apoptotic cells were located along the inner and
uter surfaces of the ducts. Beginning at 30 hpf, contiguous
poptotic cells were observed at the midline junction site of
he two pronephric ducts, at the caudal boundary of the
olk extension. A small number of apoptotic cells were
ocated at the site of the future vent at 30 hpf; by 36 and 48
pf, a clump of contiguous cells was apparent in this
ocation (Fig. 6C); the vent appears to be an open channel at
his age. At 48 and 60 hpf, we continued to observe small
lusters in the endoderm of the urogenital tract caudal to
he yolk extension. By 72 hpf, few or no apoptotic cells were
ssociated with the urogenital system (Table 3).
The urinary apoptosis observed between 24 and 72 hpf
oincides with ongoing morphogenetic events and probably
eflects the elimination of extraneous cells. For example,
poptotic cells observed along the extent of the developing
ronephric ducts at 24 hpf are likely to be cells eliminated
uring the hollowing of these structures; Kimmel et al.
1995) reported that at 24 hpf each pronephric duct has a
umen along its length. In a similar manner, apoptotic
lusters at the junction site of the two ducts at 30 hpf and
eyond were probably cells eliminated to accomplish fusion
s of reproduction in any form reserved.
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140 Cole and Rossbetween the ducts. The vent must rupture to form an
opening to the external environment, and the discrete
apoptotic time and locale we observe suggests that apopto-
sis is part of the rupture mechanism. Apoptotic cells in the
developing vent (the opening of the urinary system to the
external environment) mainly appear between 30 and 36
hpf of age. Apoptosis can also be a morphogenetic mecha-
nism during fusion of structures as well as in the creation of
openings. Apoptosis at fusion sites is common to many
other vertebrates (Glu¨cksmann, 1951) and our results sup-
port the idea that apoptosis may play a role in the creation
of openings and fusion of structures in the developing
zebrafish urinary system.
Tail Bud
At 10–12 hpf, the caudal axis of the embryo forms a
swelling known as the tail bud (Kimmel et al., 1995; Kanki
and Ho, 1997). Cells within the tail bud give rise to the tail
somites, notochord, and neural plate. We observed apopto-
sis in the tail bud between 18 and 24 hpf. Tail bud apoptosis
peaked at 20 hpf (Figs. 1A, 1B, and 2; Table 3), and was not
detected at 30 hpf or beyond. Based on position, apoptotic
cells appear to be both ectodermal and mesodermal in
origin. The peak in tail bud apoptosis coincides with the
differentiation of the notochord and the spinal cord from
their respective primordia (Kimmel et al., 1995; Ho and
Kane, 1990). These cells may be eliminated to open up
space for morphogenesis within the tight packing of mes-
enchymal cells surrounding the notochord and the spinal
cord. Apoptotic cells may also be “leftovers” remaining
after separation of the notochord and spinal cord. The
cessation of apoptosis in the caudal tip of the zebrafish tail
by 30 hpf corresponds roughly to the disappearance of the
tail bud. Schoenwolf (1981) has reported cell death during
morphogenesis of the tail bud of chick embryos. Mills and
Bellairs (1989) also observed apoptotic cells in the chick tail
bud during somitogenesis, concluding that apoptosis in the
caudal tip of the tail plays a role in eliminating segmental
plate mesoderm where somites fail to develop. Apoptosis is
likely to provide a common mechanism for cell elimination
during tail bud morphogenesis; given the similarity be-
tween our data in zebrafish and the pattern seen during
chick bud morphogenesis.
SUMMARY AND CONCLUSIONS
This study provides a description of the normal patterns
of cell death in the developing zebrafish embryo. Knowl-
edge of normal apoptotic trends during zebrafish develop-
ment is a valuable building block for numerous avenues of
investigation in developmental biology. In areas such as the
sensory organs and the brain, transient high rates of cell
death have been noted and correlated with morphogenetic
and histogenetic processes that have been previously de-
scribed in the zebrafish. These correlations of cell death
Copyright © 2001 by Academic Press. All rightatterns with developmental processes can be used to
nterpret experimental manipulations in the zebrafish sys-
em as well as to guide analysis of abnormal apoptotic
atterns in genetic mutant zebrafish. This description of
ormal apoptotic patterns may also be used for comparative
tudies of apoptosis in other developing organisms. Com-
arison of apoptotic patterns in different organisms will
rovide insight into the similarities and differences during
mbryogenesis and evolutionary relationships between or-
anisms. Finally, detailed descriptions of developmental
poptosis at the cellular level lays the groundwork for
nvestigations into the molecular mechanisms of apoptosis
uring zebrafish development. By knowing the time and
ocation of cell death, we can identify areas in which
olecular regulators of apoptosis are active.
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